A series of new hybrid peralkylated-amine-guanidine ligands based on a 1,3-propanediamine backbone and their Cu-O 2 chemistry is reported. The copper(I) complexes react readily with O 2 at low temperatures in aprotic solvents with weakly coordinating anions to form exclusively bis(μ-oxo) dicopper species (O). Variation of the substituents on each side of the hybrid bidentate ligand highlights that less sterically demanding amine and guanidine substituents increase not only the thermal stability of the formed O cores but enhance inner-sphere phenolate hydroxylation pathways. TD-DFT analysis on selected guanidine-amine O species suggest that the additional visible feature observed is a guanidine π*→ Cu 2 O 2 LMCT, which appears along with the classic oxo-ζ u *→Cu(III) and π ζ *→ Cu(III) LMCT transitions.
Introduction
Many copper enzymes in nature directly activate O 2 to perform a myriad of essential chemical transformations almost exclusively performed with this metal. [1] [2] [3] [4] [5] [6] Tyrosinases (Ty), ubiquitously found in both eukaryotes and prokaryotes, are well recognized examples that perform the first committed step in the synthesis of melanine from tyrosine by catalytic hydroxylation of the phenol to a catechol. [4] [5] [6] Recent crystal structures of oxygenated tyrosinase (oxyTy) confirmed a binuclear copper(II) μ-η 2 :η 2 -peroxo species ( S P) [7] anticipated from earlier spectroscopic and modeling studies. [6] Given the unique and impressive catalytic oxidation chemistry of tyrosinases, decades of effort have been directed to reproduce their reversible dioxygen binding and oxidative reactivity in small synthetic complexes. [1] [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] Synthetic ligand systems that integrate electron-rich amine ligating groups in place of imidazoles can form side-on peroxide species exclusively, but more commonly an isomeric species, a bis-oxide-bis-Cu(III) complex (O), is formed presumably due to the stronger σ-donating character of the amines compared to imidazole nitrogen ligating groups. [8, 9, 16] In a limited number of cases, the side-on peroxide and bis-oxide species exist in a facile equilibrium at low temperatures, which supports the notion that the energetic difference between the two isomeric forms can be small. [8, 17] In fact, the position of such equilibria is sensitive to the nature of weakly coordinating counter-anions in solution; full conversion of an optically pure O species with SbF 6 counter-anions to a S P species is possible by the simple addition of one equivalent of a more coordinating anion, consistent with specific anionic binding to the less-compact S P species. [18, 19] As the position of this equilibrium is sensitive to anions, it is not surprising that phenolate ligation to a S P species is capable of triggering isomerization to an O species with a phenolate bonded in an equatorial position. Such positioning can lead to phenol hydroxylation. [20] [21] [22] As optically characterized O [20] [21] [22] [23] [24] [25] and S P species [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] are reported with hydroxylating reactivity, it is unknown whether a single species is the hydroxylating agent or both are capable of such oxidation reactions.
The nature of the nitrogen ligand plays a key function in determining whether an O or S P isomer is formed. [1] [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] Many ligand families such as tris(pyrazolyl)borates, [39] poly(pyrazolyl)-methanes, [35, 40, 41] alkyl amines, [42] pyridines, [43] ketiminates [44] and guanidines, [24, [45] [46] [47] [48] [49] [50] and now histamines [51, 52] have been investigated. Electron-rich bidentate ligands capable of adopting a planar, four-coordinate d 8 Cu(III) center generally stabilize an O species if sufficient steric demands exist in the ligand framework to prevent formation of an unreactive copper(I) bis-chelated complex. [53, 54] Exclusive primary amine ligation is now known to stabilize O species, albeit formed through a core capture synthesis rather than direction oxygenation of a copper(I) precursor. [55] In the best case, the ideal precursor copper(I) complexes are three-coordinate with a weakly associated anion or solvent molecule (e.g. acetonitrile). Such complexes allow for facile access of O 2 to the copper center and rapid dimerization to an O species formation. The resulting O species are very compact with Cu-Cu distances in the range of 2.73-2.85 Å. [53, 54] In an earlier study, [24] we compared the hybrid bidentate chelates containing one basic guanidine donor in combination with a tertiary amine to their symmetric bis-guanidine and bis-alkylated amine parental ligands. All these Cu(I) complexes oxygenate to O species, yet only the hybrid ligand exhibited hydroxylation of phenolates at low temperature; the other complexes only exhibited radical phenolate-coupling or ligand self-oxidation. A subtle balance exists between phenolate hydroxylation, presumably an inner-sphere process, and phenoxyl radical chemistry. In the present study, a series of seven hybrid-ligand Cu(I) complexes based on a 1,3-propanediamine backbone are investigated for their reactivity with dioxygen. Systematic variation of the guanidine and amine substituents on the ligands highlights their influence on the donor capacity and optical spectroscopy along with probing the role of steric demands on the oxidation of phenolate substrates.
Results

Ligand synthesis
The guanidine-amine-hybrid ligands 1 L -7 L (Scheme 1 and Table 1 ) were synthesized by conversion of an amine to a guanidine through the reaction with a chloroformamidinium chloride (Scheme 2), which is accessible in good yields from the appropriately substituted urea and phosgene. [56, 57] Figure 1 , Table 2 ). The similarities of the absorption band shapes and intensities of [1b] 2+ , a previously characterized O species with exclusive guanidine ligation, [24] 2+ . [24] FcCOOH is a one electron, one proton donor with a weak OH bond dissociation energy (BDE, 72 kcal mol −1 ). [24] Two equivalents are required to convert an O species stoichiometrically to a corresponding bis-(μ-hydroxo)dicopper complex, the presumed thermodynamic product. [24] Titrations were monitored by the disappearance of the LMCT features near 400 nm, as neither the resulting copper products nor the ferrocenium carboxylate product appreciably absorb in that range ( Figure 1d ). (SbF 6 ) 2 in THF are measured. [24] The thermal decay products of 2+ are sensitive to the steric demands of the guanidine alkyl substitutents, presumably arising from differential orientation of the guanidine planes relative to the Cu 2 O 2 core. The intraguanidine twists, the dihedral angles between the four-atom N amine C 3 -planes and the four atom C gua N 3 -plane (Figure 2a ), are observed in X-ray crystal structures of both metalcoordinated guanidines [47, 62] and uncoordinated guanidines. [63, 64] These twists result from steric interactions between adjacent guanidine NMe 2 -groups. Smaller twists allow for greater delocalization and stabilization of the guanidine π system.
The interplay of these twist angles with metal ligation of the guanidine nitrogen impacts the electronic communication between the guanidine π-system and the copper centers. As DFT calculations at a B3LYP/2z level of theory well reproduce the experimental bond lengths and trends in key metrical parameters observed among the guanidine/amine O complexes, [25, 50] similar constrained optimization calculations were performed with fixed N=C-N-C(Me) dihedral angles between 10 and 50° for [1b] 2+ . The metrical parameters for 5 conformers are collected in Table 3 .
The fixed N=C-N-C dihedral angle within the guanidine units induce structural changes in the copper coordination and Cu 2 O 2 core. With increasing dihedral angle (i) the Cu-N gua bond length increases, (ii) the Cu-N amine bond shortens, (iii) the Cu…Cu vector shortens, (iv) the C=N bond length shortens, and (v) the C-N gua-amine bonds elongate. Accordingly, delocalization within the guanidine unit increases with decreasing guanidine twist, manifest in a lengthening of the C=N double bond. TD-DFT calculations on each conformer predict electronic LMCT transitions of high intensity near 300 nm, coinsiding with an oxo-π *→ Cu 2 O 2 transition (Table 4 and Figure 3 ). These features red-shift significantly with increasing guanidine twist along with emergence of an additional feature in the visible range near 450 nm.
The features near 300 and 350 nm correspond to the classical transitions of an O species (oxo-ζ u *→Cu(III) and π ζ *→ Cu(III) LMCT). [24, 66] The accepting molecular orbitals (LUMO & LUMO+1) are best understood as the anti-bonding combination of the ligand σ-bonding interactions, including both oxygen and the nitrogen atoms with the copper d xy orbitals. The transitions are not altered in overall character with twisting, but red-shift due to lower accepting and raised donating orbitals, both a manifestation of lesser guanidine bonding to the copper centers ( Figure 4 ). This lesser donation correlates to a smaller calculated proton affinity for the free 1 L in the constrained conformation for each twist angle.
The new LMCT absorption feature near 450 nm involve a guanidine π* orbital to LUMO+1 transition. At a 10° twist angle, this transition has limited intensity that increases with greater localization of the guanidine π-system associated with a greater twist. The increase in the guanidine N 2p character in the donor MO and in the overlap with the Cu 2 O 2 core accepting molecular orbital allow for greater absorption intensity. [67, 68] The red-shift of the transition appears to result primarily from a stabilization of the LUMO+1 accepting orbital.
Tetraethylguanidine units significantly impact the spectroscopic features of the resulting O species compared to tetramethylguanidine units, presumably from larger guanidine twist angles in the lowest energy conformation. Unfortunately, no single crystal x-ray structure of a copper complex with a tetraethylguanidine unit is available to provide a structural benchmark for the twist angles or conformation of the ethyl substituents. 2+ , the yield of oxidized products is low and significant amounts of the radical coupled bis-phenol product (CP) are formed.
Discussion Ligand design
The present series of hybrid guanidine ligands highlights the steric and electronic influence of the substituents on the optical spectroscopy and reactivity of formed dicopper(III)-bis(μ-oxo) species. Intra-ligand interactions within a guanidine unit impact the conformation of a complex exemplified by Table 2 ). An additional LMCT feature in the visible range exists for these hybrid ligand O species that shifts to lower energy with increasing substituent steric demand; this shifting is most sensitive to the guanidine substituents. 2+ ) decay with half-lives between 14 to 3 min at 193 K, depending on the guanidine substituents. As all decay processes fit a first order process, it is assumed that the predominant thermal decay pathway involves intramolecular ligand oxidation, common among O species. [9, 58] 2+ . Absent steric demands, a guanidine system prefers a more planar conformation and delocalization; it is the steric demands of the substituents on the guanidine that reduce this delocalization. In recent work, x-ray crystal structures of tetraethylguanidine-pyridine zinc provide insights into low energy conformers of the ligand. [62] The tetraethylguanidine systems show larger twist angles than their tetramethylguanidine counterparts. Hence it is consistent that [3b] 2+ exhibits a more intensive and more red-shifted sideband ("guanidine band") than [1b] 2+ in the experimental and calculated UV/Vis spectra.
Anion impact
Hydroxylation chemistry
The close similarity of the seven ligands in this investigation and the differential thermal stability and phenolate reactivity of their O species is striking. Though 1-electron outersphere reduction potentials for these complexes by traditional methods are not accessible through standard low temperature potentiometry, we assume that the ligand variations do not change significantly their thermodynamic potentials but only the kinetic barriers of different reaction pathways.
[3b] 2+ is an efficient phenolate to catecholate hydroxylation reagent with yields greater than 65%, comparable to other reactive reported O species. [23] Facile phenolate binding to an axial Cu(III) position, followed by ligand rearrange to position the phenolate equatorially, and finally electrophilic attack of the phenolate π-system is one potential mechanism for hydroxylation with such an O species. [20] [21] [22] 2+ thereby raising the ligand reorganization energy to appropriately position of a ligated phenolate for efficient hydroxylation. In these latter two cases, one-electron oxidation of the phenolate, either by an inner or outer sphere process, becomes competitive, releasing a phenoxyl radical, which can couple in solution. [24] Conclusions A series of closely related guanidine-amine hybrid ligands and their copper-dioxygen complexes provide insights into ligand design features that enhance their thermal stability so that their oxidizing capacity can be directed productively to external substrates. As previously documented and reaffirmed through this investigation, the weakest C-H bond of an alkyl amine substituent that ligate a Cu(III) center of an O species are oxidized readily, presumably through a hydroxylation pathway. This reactivity is understood clearly from computational studies identifying the lowest energy C-H activation pathway along the O-O vector of the O Cu 2 O 2 core; alkyl substituents of amines with stronger C-H BDE, such as methyl groups, provide not only enhanced thermal stability of the O species, but also inhibit substrate access to the core the least. [55] The guanidine stabilization of O species is consistent with their stronger basicity, greater than a peralkylated amine. Variation of guanidine substituents with associated differential twisting alters its delocalization, which impacts its ability to interact with the Cu 2 O 2 core. TD-DFT calculations suggest that the new visible band in these complexes as a CT transition from the guanidine to the Cu 2 O 2 core. Finally, we suggest that phenolate hydroxylation by these hybrid-ligand O species requires a balance of substrate access to the Cu 2 O 2 core along with ligand flexibility, as the symmetric parent ligands only exhibit radical coupling chemistry with phenolates at 195 K. [24] Experimental Caution! Phosgene is a severe toxic agent and extensive exposure may be lethal. Use only in a well-ventilated fume hood.
Materials
All manipulations were performed under pure dinitrogen (N 2 ), which was dried over granulate P 4 [70] Ferrocene, ferrocene monocarboxylic acid and 2,4-di-tert-butylphenol (Aldrich) were either recrystallized or sublimed before use. Triethylamine (Fluka), and N 1 ,N 1 ,N 3 ,N 3 -tetramethylpropyl-1,3-diamine (Aldrich) was stored over CaH 2 and purified by flash distillation under vacuum. The chloroformamidinium chlorides N,N,N′,N′-tetramethylchloroformamidinium chloride, N,N,N′,N′-tetraethylchloroformamidinium chloride, N,N,N′,N′-dipiperidylchloroformamidinium chloride and N,N,N′,N′-dimorpholinochloroformamidinium chloride were prepared according to literature procedures. [57] 
Physical measurements
Spectra were recorded with the following spectrometers: NMR: Bruker Avance 500; IR: Nicolet P510; MS (EI, 70 eV): Saturn 2; MS (CI, CH 4 ): Finnigan MAT 8200; MS (ESI):
Esquire 3000 Ion Trap; UV-Vis: Perkin-Elmer Lambda 45 with a low temperature fiberoptic interface (Hellma; 1 mm), or a Cary50 with a custom-designed quartz fiber-optic dip probe (Hellma; 1 or 10 mm) and a custom-designed Schlenk cell with compression fittings (ChemGlass). Microanalyses were performed with a Perkin-Elmer 2400 analyzer.
Computational methods
Density Functional Theory (DFT) calculations were performed using the Gaussian 03 program, Revision E.01. [71] The calculations of the O species were performed within the restricted formalism. The geometries were optimized (Table 3 ) using the B3LYP functional and an all electron 6-31g(d) Pople basis set on all atoms, abbreviated as 2z. The starting geometry supported by 1 L was generated from its bis-(μ-hydroxo)dicopper(II) x-ray crystal structure [24] by adjusting the 2+ were optimized in C i symmetry. Electronic energies were determined at a 3z level (6-311G+(d) on Cu, N and O and 6-31G(d) on C and H); free energies were calculated from the 3z electronic energies by inclusion of the zero-point energies and thermal corrections from the frequency calculations at the 2z level, which were computed for each optimized structure to verify a true minimum.
Electronic spectra transitions were calculated using time dependent density functional theory (TD-DFT) with the B3LYP functional and the 3z basis set using an IEF-PCM solvation model for THF (ε = 7.58) and a Pauling radii scheme. The contributions of atomic orbitals to major donor and acceptor molecular orbitals were determined using Mulliken population analysis as implemented AOMix [67, 68] and using the NBO software as implemented in Gaussian03 Rev. E01 [71, 72] For the calculations of the relative proton affinity, an isodesmic reaction between the 50°, 30° and 10° conformers of ligand 1 L and its guanidine-protonated congeners was set up and the relative energies were calculated. [73] General synthesis of guanidine-amine hybrid ligands A solution of the chloroformamidinium chloride (40 mmol) in dry MeCN was added dropwise under vigorous stirring to an ice-cooled solution of an amine (40 mmol) and triethylamine (40 mmol) in dry MeCN. After 3 -4 h at reflux, an aqueous solution of NaOH (40 mmol) was added. The solvent and NEt 3 were evaporated under vacuum. In order to deprotonate the guanidine hydrochloride, 50 wt. % KOH (aq., 15 mL) was added and the free base was extracted into the MeCN phase (3 × 30 mL). The organic phase was dried with Na 2 SO 4 , filtered, and removed under reduced pressure. Diethylamino)propyl)-1,1,3 N 1 -(Dipiperidin-1-ylmethylene)-N 3 ,N 3 -diethylpropan-1,3-diamine 2+ were monitored in a custom-designed low-temperature cell in THF, except where otherwise noted, with [Cu] = 1.0 mM. All solutions for these studies were prepared by the "injection" method to give a final volume of 5 mL. After stabilization of the optical spectrum, the excess O 2 was removed by four cycles of vacuum/N 2 purging and the complex was allowed to decay at the desired temperature (213 -273 K), which was maintained by a Lauda cryostat bath. Data collection for the decay started only after the solution had attained the desired temperature as detected by a low temperature thermometer inserted directly into the solution; 2 -3 min were normally required for thermal equilibration. . In a previous study, a multi-wavelength (280 -450 nm) component analysis of the data for 1b was performed using SPECFIT and a first-order A → B reaction model was found to be suitable. [24] Oxidation of Exogenous Substrates 
2-(3-(
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